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RESEARCH ON VARIABLE THRESHOLD TRANS1 STOR STORAGE 
A. J. L i n c o l n ,  T. R. Wil l iams and R. E. O leks i ak  
SECTION I 
SUMMARY 
The metal-nitride-semiconductor v a r i a b l e  t h r e s h o l d  t r a n s i s t o r  (MNS- 
VTT) i s  a f i e l d  e f f e c t  t r a n s i s t o r  whose g a t e  turn-on t h r e s h o l d  can be s h i f t e d  
semipermanently bu t  r e v e r s i b l y  by a p p l i c a t i o n  of  a s u i t a b l e  s e t t i n g  p o t e n t i a l .  
As such it  o f f e r s  promise a s  t h e  s t o r a g e  element  i n  an e l e c t r i c a l l y  a l t e r a b l e ,  
n o n v o l a t i l e  i n t e g r a t e d  semiconductor  memory a r r a y .  
A number of  t e s t s  were performed t o  a l l o w  c h a r a c t e r i z a t i o n  of t h e  
MNS-VTT a s  a memory c i r c u i t  e lement .  
a s  permanence of s t o r a g e ,  w r i t i n g  speed and v o l t a g e  r e q u i r e m e n t s ,  g a i n ,  tempera- 
t u r e  b e h a v i o r ,  and i n t e r r o g a t i o n  d e l a y .  
These t e s t s  demonstrated pa rame te r s  such 
D i f f e r e n t  memory systems' o r g a n i z a t i o n  t e c h n i q u e s  and c i r c u i t s  were 
s t u d i e d  and e v a l u a t e d  t o  de t e rmine  t h e  most e f f e c t i v e  method of c o n s t r u c t i n g  
i n t e g r a t e d  memories from t h e  MNS-VTT' s. S e v e r a l  e x p e r i m e n t a l  systems were con- 
s t r u c t e d .  One of  t h e s e ,  t h e  "channel s h i e l d e d  memory," was s e l e c t e d  a s  t h e  b e s t  
p r o s p e c t  f o r  f u t u r e  development.  
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SECTION I1 
INTRODUCTION 
A c t i v i t i e s  under  t h i s  program were c e n t e r e d  on t h e  u s e  of  t h e  metal-  
The MNS-VTT i s  a f i e l d  e f f e c t  t r a n s i s t o r  developed a t  t h e  S p e r r y  Rand 
n i t r i d e - s i l i c o n  v a r i a b l e  t h r e s h o l d  t r a n s i s t o r  (MNS-VTT) a s  a d i g i t a l  s t o r a g e  
element .  
Research C e n t e r  (SRRC) t h a t  i s  c a p a b l e  of n o n v o l a t i l e  i n f o r m a t i o n  s t o r a g e  by  
means of  r e v e r s i b l e  a l t e r a t i o n  of i t s  g a t e  turn-on t h r e s h o l d  v o l t a g e .  
Be fo re  and d u r i n g  t h e  c o u r s e  of t h e  c o n t r a c t u a l  p e r i o d  a number of 
t e s t s  were c a r r i e d  o u t  t o  q u a l i f y  and q u a n t i f y  t h e  b e h a v i o r  of  t h e  MNS-VTT a s  
a memory d e v i c e .  
MNS-VTT performance d u r i n g  b o t h  w r i t i n g  and s t o r a g e  phases  a s  a f u n c t i o n  of 
a p p l i e d  v o l t a g e s ,  p u l s e  d u r a t i o n ,  t empera tu re ,  and e l a p s e d  time. One o b j e c t i v e  
of t h e s e  t e s t s  was t o  f a c i l i t a t e  t h e  development of t e s t i n g  p rocedures  f o r  f u t u r e  
i n t e g r a t e d  memory a r r a y s  which w i l l  use t h e  MNS-VTT a s  t h e  s t o r a g e  element. 
Another o b j e c t i v e  of t h e  t e s t i n g  was t o  p r o v i d e  i n f o r m a t i o n  t o  a l l o w  more o p t i -  
mum d e s i g n  of t h e  r e a d i n g  and w r i t i n g  p rocedures  t o  be  used i n  t h e s e  f u t u r e  mem- 
o r i e s .  The r e s u l t s  of t h e  t e s t i n g  program t o  d a t e  a r e  d e s c r i b e d  i n  Sec.  I11 of  
t h i s  r e p o r t .  
These t e s t s  were des igned  t o p r o m o t e  g r e a t e r  u n d e r s t a n d i n g  of 
A number of d i f f e r e n t  c o n f i g u r a t i o n s  f o r  o r g a n i z i n g  a d i g i t a l  memory 
based on t h e  MNS-VTT have been cons ide red .  
a l l o w  development of i n t e g r a t e d  memories t h a t  a r e  c o n s i s t e n t  w i t h  o v e r a l l  sys -  
tem r e q u i r e m e n t s ,  semiconductor  p r o d u c t i o n  t echno logy ,  and t h e  p a r t i c u l a r  c h a r -  
a c t e r i s t i c s  of  t h e  MNS-VTT's t hemse lves .  
i n g  t h i s  development were t h e  n e c e s s i t y  f o r  deve lop ing  r e l a t i v e l y  h i g h  p o s i t i v e  
and n e g a t i v e  p o t e n t i a l s  a t  p o i n t s  w i t h i n  a p-channel f i e l d  e f f e c t  t r a n s i s t o r  c i r -  
c u i t  and t h e  r equ i r emen t s  f o r  h i g h  speeds i n  c e r t a i n  systems i n  s p i t e  of l o n g e r  
time c o n s t a n t s  a s s o c i a t e d  w i t h  t h e  turn-on of f i e l d  e f f e c t  t r a n s i s t o r s .  
The o b j e c t i v e  of t h i s  work was t o  
Among t h e  s p e c i f i c  c o n s t r a i n t s  a f f e c t -  
The two g e n e r a l  c l a s s e s  of  memory o r g a n i z a t i o n  d e s c r i b e d  b o t h  l e a d  t o  
e l e c t r i c a l l y  a l t e r a b l e  n o n v o l a t i l e  s t o r a g e  systems.  One c l a s s  u t i l i z e s  o n l y  
f i e l d  e f f e c t  d e v i c e s ,  b o t h  f i x e d  and v a r i a b l e  t h r e s h o l d ,  f o r  e a s e  i n  a r r a y  i n t e -  
g r a t i o n ,  and t h e  o t h e r  u t i l i z e s  MNS-VTT's a s  memory e l emen t s  and b i p o l a r  t r a n s i s -  
t o r s  a s  d r i v e  and sense elements, t o  p r o v i d e  h i g h  speed r eadou t .  
system, t h e  "3-D channe l  s h i e l d i n g  t echn ique , "  i s  d e s c r i b e d .  T h i s  i s  t h e  method 
sugges t ed  a s  t h e  b e s t  c a n d i d a t e  f o r  f u r t h e r  development a s  a f u l l y  i n t e g r a t e d  
memory system. 
I V  of t h i s  r e p o r t .  
A p a r t i c u l a r  
D i scuss ion  of memory o r g a n i z a t i o n  forms i s  c a r r i e d  o u t  i n  Sec.  
2 
SECTION I11 
MNS-VTT CHARACTER1 STI CS 
The MNS-VTT i s  a p-channel enhancement mode i n s u l a t e d - g a t e  f i e l d - e f f e c t  
t r a n s i s t o r  w i t h  an e l e c t r i c a l l y  a l t e r a b l e  t h r e s h o l d .  The t h r e s h o l d ,  which i s  
roughly t h e  g a t e  v o l t a g e  a t  which a channe l  i s  formed, i s  s h i f t e d  by app ly ing  
p o t e n t i a l s  a c r o s s  t h e  g a t e  i n s u l a t o r  structure. 
The e f f o r t  h e r e  i s  t o  c h a r a c t e r i z e  t h e  d i s c r e t e  MNS-VTT by means of 
Except where no ted ,  t h e  s u b s t r a t e  and source  a r e  a t  ground 
e l e c t r i c a l  measurements made on t h e  f o u r  l e a d s ,  w i t h  t h e  emphasis on b i n a r y  m e m -  
o r y  a p p l i c a t i o n s .  
p o t e n t i a l .  
A. EFFECTS OF GATE VOLTAGE, BIAS, AND TEMPERATURE ON MNS-VTT THRESHOLD VOLTAGE 
F i g u r e  1 shows t h e  drain-current/drain-voltage r e l a t i o n s h i p  i n  an MNS- 
T h i s  p a r t i c u l a r  d e v i c e  has  been f o r c e d  t o  
VTT. I t  w i l l  be noted t h a t  a r a t h e r  l a r g e  g a t e  v o l t a g e  I s  n e c e s s a r y  t o  a l l o w  
c u r r e n t  t o  f l o w  from source  t o  d r a i n .  
t h i s  c o n d i t i o n  by means of  t h e  p r e v i o u s l y  mentioned a b i l i t y  t o  a l t e r  t h e  g a t e  
t h r e s h o l d  v o l t a g e ,  VT . 
The d e f i n i t i o n  of VT used i n  t h e  ensu ing  d i s c u s s i o n  i s  " t h a t  g a t e  
v o l t a g e  which w i l l  permit  m i n u s  100 WA t o  f l o w  i n  t h e  d r a i n  when t h e  d r a i n  i s  
b i a s e d  a t  -5 V . "  T h i s  g a t e  v o l t a g e  i s  a p p l i e d  a s  a p u l s e  2 0  p s  wide ,  w i t h  0 V 
f o r  20 p s  b e f o r e  t h e  p u l s e  and 0 V f o r  10 u s  a f t e r  t h e  p u l s e .  
w i t h  a p e r i o d  of 40 ms o r  longe r .  
T h i s  p u l s e  o c c u r s  
Reference t o  F ig .  2 shows a waveform t y p i c a l  of t h o s e  a p p l i e d  t o  t h e  
g a t e  t o  o b t a i n  t h e  t h r e s h o l d  swi t ch ing  c h a r a c t e r i s t i c .  The 20 wsec p u l s e  i s  
moved th roughou t  t h e  p e r i o d  of  t h e  wave and i t s  ampl i tude  i s  a d j u s t e d  such a s  
t o  produce 100 pA i n  t h e  d r a i n  w i t h  t h e  d r a i n  a t  -5 V .  A p l o t  of t h e  p u l s e  
ampl i tude  v s  time w i l l  t h e n  resu l t  i n  the lower f i g u r e ,  which shows t h e  t y p i c a l  
t h r e s h o l d  b e h a v i o r  throughout  the p e r i o d  of  t h e  a p p l i e d  wave a t  t h e  &O V s e t t i n g  
ampl i tude .  
I n  F i g .  3 t h e  t h r e s h o l d  behav io r  of an MNS-VTT i s  shown f o r  v a r i o u s  
s e t t i n g  v o l t a g e s ,  u s i n g  t h e  waveform of F ig .  2. To produce 2 0  V s h i f t s  i n  t h e  
t h r e s h o l d ,  g a t e  v o l t a g e s  range from 40 t o  60 V w i t h  p u l s e  wid ths  from 1 sec t o  
1 ms. 
T h e i r  t h r e s h o l d s  100 p s  a f t e r  t h e  +55 V p u l s e  ranged from +0.4 t o  -5 .3  V w i t h  
a mean of  -1.58 V .  The t h r e s h o l d s  ranged from -20.8 t o  -25 V, w i t h  a mean of 
-23 V ,  100 ps a f t e r  t h e  -55 V pu l se .  
Ten u n i t s  from t h e  same wafe r  were swi t ched  w i t h  55 V ,  10 ms p u l s e s .  
F i g u r e  4 shows t h a t  t h e r e  w i l l  be  a few v o l t s  of u n c e r t a i n t y  i n  t h e  
t h r e s h o l d  a f t e r  a s i n g l e  +55 V ,  100 ms wide p u l s e  i s  a p p l i e d  t o  a d e v i c e  under  
d i f f e r i n g  i n i t i a l  c o n d i t i o n s .  
S e v e r a l  u n i t s  were t e s t e d  w i t h  +50 V ,  100 ms p u l s e s  o c c u r r i n g  e v e r y  
200 ms.These p u l s e s  were a p p l i e d  f o r  about 15 minu tes .  
from +0.9 V t o  +1.8 V .  Under t h e  same c o n d i t i o n s ,  b u t  w i t h  a p u l s e  of n e g a t i v e  
p o l a r i t y ,  t h e  t h r e s h o l d s  had a range from -27.5 t o  -31 V (K85 - 1 b a t c h ) .  
The t h r e s h o l d s  ranged 
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I n  F ig .  5 a d e v i c e  h a s  had i t s  t h r e s h o l d  s h i f t e d  by 50 V ,  10 ms p u l s e s .  
Note t h a t  under  z e r o  b i a s  c o n d i t i o n s  a d e t e c t a b l e  s h i f t  may remain f o r  many o r d e r s  
of  magnitude l o n g e r  t h a n  t h e  s e t t i n g  time. 
t h e  write c h a r a c t e r i s t i c  and t h e  r e a d  c h a r a c t e r i s t i c  a r e  s u b s t a n t i a l l y  unchanged. 
F i g u r e s  6 and 7 examine t h e  effect  of o t h e r  b i a s  v o l t a g e s  i n  t h e  same way. 
t h a t  even under  low v o l t a g e s  t h e  r a t e  a t  which t h e  t h r e s h o l d  moves i s  s t r o n g l y  
v o l t a g e  dependent .  
Also,  a t  e l e v a t e d  t e m p e r a t u r e s  b o t h  
Note 
F i g u r e  8 shows how t e m p e r a t u r e  a f f e c t s  t h e  t h r e s h o l d .  T h i s  t e m p e r a t u r e  
e f f e c t  i s  s u b s t a n t i a l l y  independent  o f  t h e  s t o r a g e  phenomena. 
F i g u r e s  9 and 10 show t h e  e f f e c t  of t e m p e r a t u r e  on d e v i c e s  which have 
been set  t o  o p p o s i t e  s t a t e s .  
t h e  same a t  125OC a s  i t  i s  a t  25OC. 
The r a t e  of change of t h e  t h r e s h o l d  i s  b a s i c a l l y  
A l l  t h r e s h o l d  r e a d i n g s  were made a t  25OC. 
It i s  c l e a r  t h a t  one of t h e  problems which w i l l  f l a v o r  t h e  performance 
of t h e s e  d e v i c e s  when used a s  memory e l emen t s  i s  t h e i r  s e n s i t i v i t y  t o  g a t e  v o l t -  
a g e s  of abou t  10 V .  
z a t i o n s  t o  sample t h e  s t a t e  of t h e  d e v i c e .  F i g u r e  11 shows f i v e  d i f f e r e n t  b i a s  
c o n d i t i o n s  on  t h e  g a t e .  In a l l  c a s e s  t h e  d e v i c e  was set  p o s i t i v e l y  i n  t h e  same 
way. F o r  g a t e  b i a s e s  o t h e r  t h a n  z e r o  t h e  d e v i c e  was h e l d  a t  z e r o  b i a s  u n t i l  i t  
reached a t h r e s h o l d  of -4 .3  V .  
t h i s  t o  occur .  T h i s  i s  t h e  z e r o  of  time f o r  g a t e  v o l t a g e  c o n d i t i o n s  o t h e r  t h a n  
z e r o  v o l t s .  A t  t h i s  time t h e  nonzero b i a s  c o n d i t i o n s  shown were a p p l i e d  t o  t h e  
g a t e .  
be  s e v e r a l  m i l l i a m p e r e s  i f  t h e  d r a i n  b i a s  were h e l d  a t  -5 V (see F ig .  1). Note 
t h a t  a f t e r  s e v e r a l  hours  t h e  t h r e s h o l d  has  reached -9 V .  T h i s  means t h a t  t h e  cur- 
r e n t  a v a i l a b l e  i n  t h e  d r a i n  has  dropped t o  about 0.5 mA. 
T h i s  i s  t h e  v o l t a g e  t h a t  w i l l  be used i n  many memory o r g a n i -  
I t  took about  15 minutes  a f t e r  t h e  +55 p u l s e  f o r  
When -10 V dc i s  f i r s t  a p p l i e d  t o  t h e  g a t e ,  t h e  c u r r e n t  i n  t h e  d r a i n  would 
A 2 0  us p u l s e  of  -10 V ampl i tude  o c c u r r i n g  e v e r y  100 u s  i s  g a t e  v o l t a g e  
c o n d i t i o n  "A". Note t h a t  under  t h e s e  c o n d i t i o n s  s e v e r a l  days must e l a p s e  a f t e r  
t h e  set  p u l s e  f o r  t h e  t h r e s h o l d  t o  r each  -9 V .  
A 2 0  us p u l s e  of -10 V fo l lowed  40 ws l a t e r  by a +10 V ,  20 ws p u l s e  w i t h  
b o t h  p u l s e s  o c c u r r i n g  a t  a 100 p,s r a t e ,  i s  b i a s  c o n d i t i o n  "B". Note t h a t  under  
t h e s e  c o n d i t i o n s  i t  may t a k e  a s  long a s  t h r e e  y e a r s  t o  r each  a t h r e s h o l d  of -9 V; 
Cond i t ion  "B" a p p l i e d  t o  t h e  same d e v i c e  set  w i t h  a -55 V ,  10 ms p u l s e  r e s u l t e d  
i n  a decay r a t e  o n l y  lao/, g r e a t e r  t h a n  t h a t  which o c c u r s  under z e r o  b i a s .  
B. LONG TERM STATIC AND DYNAMIC TESTING OF MNS-VTT MEMORY DEVICES 
A set  o f  long-term s t a t i c  and dynamic tes ts  has  been underway on s e l e c t e d  
d i s c r e t e  memory d e v i c e s .  These w i l l  be d e s c r i b e d  next. I n  t h e  s t a t i c  t e s t s ,  
groups of memory t r a n s i s t o r s  were se t ,  u s i n g  s t a n d a r d  s i g n a l s ,  t o  e i t h e r  t h e  more 
p o s i t i v e  o r  more n e g a t i v e  t h r e s h o l d  s t a t e .  
p o t e n t i a l  e x c e p t  d u r i n g  t h e  p e r i o d s  when t h e i r  t h r e s h o l d s  were b e i n g  measured. 
Thresho ld  measurement was accomplished by mon i to r ing  source  c u r r e n t  d u r i n g  t h e  
a p p l i c a t i o n  of a v a r i a b l e  n e g a t i v e  p o t e n t i a l  t o  t h e  g a t e  of t h e  t r a n s i s t o r  b e i n g  
surveyed.  The g a t e  v o l t a g e  which caused a s o u r c e  current of  e x a c t l y  100 ~ J , A  was 
t a k e n  t o  b e  t h e  t h r e s h o l d  v o l t a g e .  The v a l u e  of  g a t e  t h r e s h o l d  v o l t a g e  a s  a func-  
t i o n  of  time was p l o t t e d .  
T h e i r  g a t e s  were t h e n  h e l d  a t  ground 
T y p i c a l  c u r v e s  f o r  t h i s  t es t  a r e  shown i n  F i g s .  12  and 
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FIG. 6 Effect of g a t e  b i a s  on t h e  p o s i t i v e l y  set 
thresho ld  o f  an MNS-VTT d e v i c e  (K85-1-3478). 
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FIG. 10 Temperature  e f f e c t  on MNS d e v i c e s  set  
p o s i t i v e .  All t h r e s h o l d  r e a d i n g s  a t  25OC. 
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13. 
r i t hm of  time. 
I t  may be  seen t h a t  t h r e s h o l d s  v a r y  approx ima te ly  l i n e a r l y  w i t h  t h e  loga-  
* 
T e s t  
S t a t i c  
S t a t i c ,  
Reversed 
P u l s e d  
I n  t h e  p u l s e d  o p e r a t i o n  t e s t s ,  t h e  memory t r a n s i s t o r s  were set  a s  i n  
t h e  s t a t i c  t e s t s ,  but  were s t o r e d  under  c o n d i t i o n s  of c o n s t a n t  i n t e r r o g a t i o n .  
The i n t e r r o g a t i n g  p u l s e  was r e c t a n g u l a r ,  w i t h  an ampl i tude  of  -10 V ,  a p e r i o d  
of 10 ps and a n  on time of  2 .5  ps.  
t h e  t r a n s i s t o r  from t h e  c o n s t a n t  ampl i tude  p u l s e  s o u r c e  and supp ly ing  a v a r i a b l e  
ampl i tude  p u l s e  t o  i t s  g a t e .  The p u l s e  ampl i tude  which caused  100 pA t o  f l o w  i n  
t h e  d r a i n  was t a k e n  t o  b e  t h e  turn-on t h r e s h o l d .  Curves f o r  t h i s  t e s t  a r e  shown 
i n  F i g s .  1 4  and 15. The b e h a v i o r  of t r a n s i s t o r s  d u r i n g  p u l s e d  t e s t i n g  was simi- 
l a r  t o  t h a t  d u r i n g  t h e  s t a t i c  t e s t s ,  excep t  t h a t  t h r e s h o l d  decay was g e n e r a l l y  
more r a p i d .  
The t h r e s h o l d  was measured by d i s c o n n e c t i n g  
Device Dura t ion  V(T0) x 
Number S t a t e  Hours ( v o l t s )  ( v o l t s / d e c a d e )  
K65-1 2379 - 2500 -33.4 1.16 
K65-1 2335 + 2500 - 3.9 -0.62 
K85-1 3488 - 2500 -29.8 1.24 
K85-1 3511 + 2500 - 2 . 8  -0.60 
K85-1 3496 - 2500 -30.7 1.10 
K85-1 3505 + 2500 - 6 . 2  -0.44 
K65-1 2362 - 2500 -27.0 1.00 
K65-1 2362 + 600 - 3.6 -0.72 
K65-1 2357 - 600 -29.6 1.08 
K65-1 2357 + 2500 - 3 . 4  -0.82 
K86-1 3100 + 2500 - 2.2 -0.92 
K86-1 3102 - 2500 -22.4 1.34 
K86-1 3101 - 2500 -22.8 1 .64  
K85-1 2336 + 2500 - 5.8 -0.38 
K65-1 2330 - 2500 -25.8 1.72 
K65-2 2576 + 2500 - 3.6 -0.76 
K65-2 2528 - 2500 -16.7 1.00 
K54-4 3115 + 2500 - 7.3 -0.44 
K54-4 3120 I - 2500 , -25.6 1 .20  I 
The results of t h e  s t a t i c  and p u l s e d  t e s t s  a r e  summarizedin T a b l e  I 
below. The v a l u e s  of V(T0) a r e  t h e  e x t r a p o l a t e d  i n i t i a l  v o l t a g e s  a t  0.1 h r  
a f t e r  s e t t i n g .  The e x t r a p o l a t i o n  i s  based on t h e  i n t e r s e c t i o n  of  a b e s t - f i t  
s t r a i g h t  l i n e  w i t h  t h e  0.1 h r  o r d i n a t e .  The v a l u e s  of X a r e  t h e  s l o p e s  of  
t h e  b e s t - f i t  s t r a i g h t  l i n e s  g i v e n  i n  v o l t s / d e c a d e .  The s t a t i c - r e v e r s e d  t e s t  
was one i n  which t h e  t r a n s i s t o r s  were i n i t i a l l y  set  t o  one s t a t e  and observed 
f o r  t h e  p e r i o d  g i v e n ,  and t h e n  set  t o  t h e  o p p o s i t e  s t a t e  and measured. 
TABLE I 
Long Term S t a t i c  and Dynamic T e s t  Results f o r  MNS-VTT's 
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FIG. 12  Long-term s t a t i c  t e s t ,  n e g a t i v e  set  
c o n d i t i o n  ( d e v i c e  No. K65-1-2362). 
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FIG. 13 Long-term s t a t i c  t e s t ,  p o s i t i v e  set 
c o n d i t i o n  ( d e v i c e  No. K65-1-2362). 
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I t  i s  p o s s i b l e  t o  use t h e  t h r e s h o l d  decay c u r v e s  of  F i g s .  12  and 13 
t o  make a rough e s t i m a t e  of s t o r a g e  p e r s i s t e n c e .  
t h e  t h r e s h o l d  v o l t a g e  i n  bo th  t h e  p o s i t i v e  and n e g a t i v e  set  c o n d i t i o n s  v a r i e s  
approx ima te ly  l i n e a r l y  w i t h  t h e  l o g a r i t h m  of time. 
c o n d i t i o n  
These c u r v e s  i n d i c a t e  t h a t  
Thus,  f o r  t h e  n e g a t i v e  set 
V o ( t )  = VO(TO) + A. l o g  (+) l o  ' O  
and f o r  t h e  p o s i t i v e  c o n d i t i o n  
V ( t )  = V1(TO) + hl l og  h l  < 0 1 
(1) 
( 2 )  
L e t  t h e  g a t e  t h r e s h o l d  be  Vo(t) 
ZERO s t a t e  and V , ( t >  when i t  i s  set  t o  t h e  ONE s t a t e .  An a p p r o p r i a t e  g a t e  
i n t e r r o g a t i o n  v o l t a g e  i s  one which w i l l  a l l o w  s u i t a b l e  ONE-ZERO d i s c r i m i n a t i o n  
throughout  t h e  u s e f u l  s t o r a g e  lifetime. I f  t h e  c o n d i t i o n  of more p o s i t i v e  
t h r e s h o l d  v o l t a g e  i s  c o n s i d e r e d  t o  be  e q u i v a l e n t  t o  a s t o r e d  ONE, t h e n  s e n s i n g  
of a ONE i m p l i e s  t h e  l a r g e r  c u r r e n t  f l o w  th rough  t h e  s t o r a g e  t r a n s i s t o r .  
n e c e s s a r y  magnitude of t h i s  c u r r e n t  i s  determined by o t h e r  c i r c u i t  r equ i r emen t s  
such a s  speed,  o u t p u t  l o a d i n g ,  and a l l o w a b l e  power d i s s i p a t i o n .  L e t  t h e  d r a i n  
c u r r e n t ,  
when t h e  t r a n s i s t o r  i s  set  t o  t h e  
The 
I d  , b e  g i v e n  by the approximate e q u a t i o n  
where gm i s  t h e  t r a n s c o n d u c t a n c e ,  i s  t h e  g a t e - t o - s o u r c e  i n t e r r o g a t i o n  
a b l e  d r a i n  c u r r e n t  w i t h  Vg a p p l i e d  t o  t h e  g a t e  when t h e  t r a n s i s t o r  has  b e e n .  
set  t o  t h e  ZERO s t a t e  and,  s i m i l a r l y ,  I1 i s  t h e  minimum a l l o w a b l e  d r a i n  c u r -  
r e n t  when t h e  t r a n s i s t o r  h a s  been set  t o  t h e  ONE s t a t e ,  t h e  c o n d i t i o n  f o r  s u i t -  
a b l e  ONE-ZERO d i s c r i m i n a t i o n  a t  t h e  o u t p u t  may be e x p r e s s e d  by 
v o l t a g e ,  and V t  i s  t h e  g a t e  v o l t a g e .  I f  I o  i s  t h e  maximum a l low-  
Io = kI1 
f o r  some k ,  0 < k < 1 . 
(4) 
The d i s c u s s i o n  so  f a r  has  made no a l lowance  f o r  d e v i a t i o n s  i n  d e v i c e  
pa rame te r s  o r  supp ly  v o l t a g e s .  The g e n e r a l  e f f e c t  of  such d e v i a t i o n s  i s  t o  
c a u s e  a s h o r t e n i n g  of s t o r a g e  l i f e .  The most s e r i o u s  d e v i a t i o n s ,  namely t h o s e  
of V g  and temperature,may be approx ima te ly  accounted f o r  by t h e  a n a l y s i s  
which f o l l o w s .  
2 1  
Cons ide r  t h e  wors t  c o n d i t i o n  of gm and V g  v a r i a t i o n .  T h i s  i s  
when c u r r e n t  f lowing  i n  an  i n t e r r o g a t e d  t r a n s i s t o r  s t o r i n g  ZERO i s  a t  i t s  maxi- 
mum v a l u e  and t h e  c u r r e n t  f l owing  i n  an  i n t e r r o g a t e d  t r a n s i s t o r  s t o r i n g  ONE i s  
a t  i t s  minimum. Let t h e s e  two c o n d i t i o n s  be denoted  by t h e  f o l l o w i n g  equa t ions .  
Let t h e  t o l e r a n c e  of  gm be CT and t h a t  of V g  be 6 . Then 
= (1 - d g m  
gm, max = (1 + a )gm 
= (1 - S)Vg 
gm,min 
g,min 
g I max 
V 
9 
V = (1 + 8)V 
Also ,  le t  t h e  v a l u e  of time a t  end of s t o r a g e  be  
(61, 
TA . Then from E q s .  ( 5 )  and 
and from E q s .  (1) and (2 )  
T R  
0 0  TO 
VO(TQ) = V (T 1 + X o  l o g  - (13) 
(14)  
22 
Equat ing Eq. (11) w i t h  Eq. (13) and Eq. (12)  w i t h  Eq. (141 ,  and t h e n  s o l v i n g  
f o r  TQ and V g  , we o b t a i n  
+(I% + L, 1 + 0 4 ,  ")ID} 
and 
where 
(15)  
F o r  t h e  c a s e  where t h e  t o l e r a n c e s  a s s i g n e d  t o  Vg and gm a r e  z e r o ,  
T = T log -1 {[V1(TO) - vo(TO) + (1 - k )  -]LA0 I1 - A l l - ' }  (18) gm A 0  
and 
I 
V = h V (To)- h 1 0  V (To)+ A 0  - I l k )  $][hO - A l l - '  
9 [ O l  
(19) 
An example of s t o r a g e  p e r s i s t e n c e  w i l l  be  shown u s i n g  d a t a  from T a b l e  
I f o r  d e v i c e  K65-1 2357 under  z e r o  g a t e  b i a s  c o n d i t i o n s .  
a r e  : 
The pa rame te r s  used - 
23 
-3 I1 = -1.0 x 10 A 
gm = 500 x mho 
k = 0.1 
To = 0.1 hr 
X = 1.08 V/decade 
h l  = -0.82 V/decade 
0 
VO(TO) = -29.6 V 
Vl(To) = -3.4 V 
I n s e r t i n g  t h e s e  v a l u e s  i n t o  Eq. (181, t h e  v a l u e  of 
t i o n s  i s  found t o  be 7.1 x 1011 hr .  
gm , t h e n  f i=o=0.1 and t h e  v a l u e  of TA i s  found t o  be 1.0 x 1O1O h r .  F ig -  
ures 9 and 10 show t h a t  t e m p e r a t u r e  v a r i a t i o n s  may be accounted f o r  approx ima te ly  
by adding f i x e d  v a l u e s  t o  Vo(T0) and Vi(T0)  These v a l u e s ,  i n  t h e  worst  c a s e  
obse rved ,  a r e  V o = 2 . 2  V and V1=-1 .6  V . Using t h e s e  new v a l u e s  of i n i t i a l  
v o l t a g e ,  
T i  w i t h  no pa rame te r  v a r i a -  
I f  10% t o l e r a n c e s  a r e  a l lowed  f o r  V g  and 
T i  i s  found t o  be 1.1 x lo8 h r .  
The example shown h e r e  i s  f o r  t h e  s t a t i c  s t o r a g e  c a s e  i n  which v e r y  low 
I f  h i g h e r  d u t y  cycles a r e  a n a l y z e d ,  t h e n  i n t e r r o g a t i o n  d u t y  c y c l e s  a r e  used. 
cu rves  such a s  F i g s .  14  and 15 should be used f o r  d e v i c e  pa rame te r s .  C l e a r l y ,  
under s i n g l e  p o l a r i t y  i n t e r r o g a t i o n ,  s t o r a g e  p e r s i s t e n c e  i s  reduced. I t  should 
a l s o  be  noted t h a t  t h e s e  c a l c u l a t i o n s  a r e  t h e  result of approximate and sometimes 
extreme e x t r a p o l a t i o n s  and should merely be used t o  g i v e  some s e n s e  of  t h e  expec ted  
behav io r  r a t h e r  t h a n  p r e c i s e  e v a l u a t i o n s .  
account  he re .  Among t h e  two most impor t an t  ones o m i t t e d  a r e  t h e  s t a t i s t i c a l  v a r i a -  
t i o n s  of t h r e s h o l d  c h a r a c t e r i s t i c s  from d e v i c e  t o  d e v i c e  and t h e  b e h a v i o r  of  
w i t h  t empera tu re .  
dev ice - to -dev ice  v a r i a t i o n s  w i t h i n  an a r r a y  a r e  no t  c a p a b l e  o f  b e i n g  e s t i m a t e d  a t  
t h i s  time). 
A number of f a c t o r s  were not t a k e n  i n t o  
gm 
A more e x a c t  a n a l y s i s  would i n c l u d e  t h e s e  f a c t o r s  ( a l t h o u g h  t h e  
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SECTION I V  
STUDY OF METHODS OF ORGANIZATION OF MNS MEMORIES 
A number o f  a l t e r n a t i v e  forms o f  o r g a n i z a t i o n  have been c o n s i d e r e d  
f o r  MNS e l e c t r i c a l l y  a l t e r a b l e  n o n d e s t r u c t i v e  read-out  (EANDRO) memories. 
Each of  t h e s e  forms h a s  d i f f e r e n t  i m p l i c a t i o n s  w i t h  r e s p e c t  t o  i n t e r r o g a t i o n ,  
d a t a  i n s e r t i o n ,  o r  memory p a r t i t i o n i n g .  
r o g a t i o n  t e c h n i q u e  are  t h a t  t h e  access t o  s t o r e d  i n f o r m a t i o n  be s u i t a b l y  
r a p i d  and t h a t  t h e  p a r t i c u l a r  i n t e r r o g a t i o n  t e c h n i q u e  g i v e  r ise t o  minimal 
d e g r a d a t i o n  of  t h e  s t o r e d  i n f o r m a t i o n .  The t a s k  o f  d a t a  i n s e r t i o n  i s  com- 
p l i c a t e d  by t h e  f ac t  t h a t  s t o r a g e  of  b i n a r y  i n f o r m a t i o n  r e q u i r e s  t h a t  b o t h  
p o s i t i v e  and n e g a t i v e  p o t e n t i a l s  of  moderately h igh  a m p l i t u d e s  be a p p l i a b l e  
a c r o s s  t h e  g a t e  i n s u l a t i o n  r e g i o n  of  t h e  MNS s t o r a g e  d e v i c e s .  The g o a l  i n  
t h e  d e s i g n  of  e a c h  of  t h e  d i f f e r e n t  d a t a  i n s e r t i o n  t e c h n i q u e s  was t o  deve lop  
t h e  n e c e s s a r y  s i g n a l s  w i t h  t h e  s i m p l e s t  c i r c u i t r y  and w i t h  minimal v o l t a g e  
stress a p p l i e d  th roughou t  t h e  memory. The r e s u l t s  o f  t h e  s t u d y  of  d i f f e r e n t  
memory o r g a n i z a t i o n  forms w i l l  be  d i s c u s s e d  i n  t h i s  s e c t i o n .  
The main r e q u i r e m e n t s  of  any i n t e r -  
A. COINCIDENT VOLTAGE WRITE SELECTION MEMORY 
The c o i n c i d e n t  v o l t a g e  write s e l e c t i o n  memory shown i n  F i g s .  16, 
17, 18, and 19 employs VTT's a s  memory e l emen t s  and fixed t h r e s h o l d  IGFET f o r  a l l  
o t h e r  f u n c t i o n s .  I n  t h i s  u n i t ,  w r i t i n g  i s  accomplished by means of a two- 
phase c o i n c i d e n t  v o l t a g e  t e c h n i q u e  which makes use of  t h e  f a c t  t h a t  t h e  
v o l t a g e  a p p l i e d  between g a t e  and s u b s t r a t e  must exceed a t h r e s h o l d  l e v e l  
b e f o r e  any s i g n i f i c a n t  change of  
write p u l s e .  
d u r i n g  t h e  second. To write ZERO'S, a n e g a t i v e  v o l t a g e  s l i g h t l y  lower 
t h a n  t h e  t h r e s h o l d  ampl i tude  i s  p l a c e d  on the common g a t e  l e a d  of  t h e  
s e l e c t e d  word. 
t h e  s u b s t r a t e  of  each  b i t  which i s  t o  be d r i v e n  t o  ZERO i s  connected t o  a 
p o s i t i v e  v o l t a g e  s l i g h t l y  lower i n  ampl i tude  t h a n  t h e  s e t t i n g  t h r e s h o l d .  
B i t s  which a r e  no t  t o  be d r i v e n  t o  ZERO have t h e i r  s u b s t r a t e s  he ld  a t  ground. 
I n  t h i s  way, a p o s i t i v e  p o t e n t i a l  o f  about  twice t h e  s e t t i n g  t h r e s h o l d  a p p e a r s  
a c r o s s  t h e  g a t e - t o - s u b s t r a t e  r e g i o n  i n  a l l  memory c e l l s  of t h e  selected 
word which a r e  t o  be d r i v e n  t o  ZERO, bu t  i n  a l l  u n s e l e c t e d  cel ls  o r  c e l l s  
t h a t  a r e  t o  b e  d r i v e n  t o  ONE, t h e  maximum v o l t a g e  a p p e a r i n g  a c r o s s  t h e  g a t e -  
s u b s t r a t e  r e g i o n  i s  less t h a n  t h e  s e t t i n g  t h r e s h o l d .  During t h e  second 
phase,  ONE's a r e  w r i t t e n  by a s i m i l a r  procedure e x c e p t  t h a t  now p o s i t i v e  
v o l t a g e s  are  a p p l i e d  t o  t h e  s e l e c t e d  g a t e s  and n e g a t i v e  v o l t a g e s  t o  t h e  sub- 
s t r a t e s ,  c a u s i n g  a n e g a t i v e  g a t e - t o - s u b s t r a t e  v o l t a g e  of  twice t h e  s e t t i n g  
t h r e s h o l d .  
VT can t a k e  p l a c e  w i t h i n  t h e  time o f  t h e  
The ZERO'S a r e  w r i t t e n  d u r i n g  t h e  f irst  phase and t h e  ONE's 
G a t e s  o f  u n s e l e c t e d  words a r e  h e l d  a t  ground p o t e n t i a l ,  and 
I n t e r r o g a t i o n  i s  o b t a i n e d  by app ly ing  a n e g a t i v e  p u l s e  having a n  
ampl i tude  between t h e  ONE and ZERO turn-on t h r e s h o l d  t o  the common g a t e  l i n e  
of t h e  selected word. A l l  d e v i c e s  i n  t h e  selected word which s t o r e  ONE's 
w i l l  conduc t ,  caus ing  a p o s i t i v e  v o l t a g e  change on t h e  b i t  o u t p u t  l i n e s ,  
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whereas d e v i c e s  s t o r i n g  ZERO'S w i l l  remain unconduct ing,  w i t h  no r e s u l t a n t  
change i n  l e v e l  on t h e i r  o u t p u t  l i n e s .  
A 4 x 4 d i s c r e t e  v e r s i o n  o f  t h i s  memory was c o n s t r u c t e d  and 
c a p a c i t a n c e  was added t o  s i m u l a t e  c o n d i t i o n s  which would exis t  i n  a 16 x 16 
a r r a y .  A 10 ms s e t t i n g  p u l s e  d u r a t i o n  was used ,  and read-cycle  times were 
about  1 ws. 
pea ted  a p p l i c a t i o n  o f  h a l f - s e l e c t  v o l t a g e  p u l s e s  o f  p o l a r i t y  chosen t o  e r a s e  
t h e  s t o r e d  i n f o r m a t i o n .  I t  was found t h a t  a f t e r  a s l i g h t  i n i t i a l  a l t e r a t i o n  
of s t o r e d  t h r e s h o l d  i n  t h e  d i r e c t i o n  of  t h e  d i s t u r b i n g  p u l s e ,  a c o n s t a n t  
l e v e l  was reached which r e t a i n e d  a 7 V d i f f e r e n c e  between ONE and ZERO t h r e s -  
ho lds .  
o u t p u t  d i s c r i m i n a t i o n .  
T e s t s  were r u n  on t h i s  memory t o  d e t e r m i n e  t h e  effect  of  re- 
T h i s  d i f f e r e n c e  was more t h a n  t h a t  r e q u i r e d  f o r  adequa te  ONE-ZERO 
Although t h e  c o i n c i d e n t  v o l t a g e  s e l e c t i o n  c i rcui t  p o s s e s s e s  many 
f e a t u r e s  r e q u i r e d  f o r  a f u l l y  i n t e g r a t e d  EANDRCI memory, i t  h a s  one cha r -  
a c t e r i s t i c  t h a t  makes i t  u n s a t i s f a c t o r y  a t  t h i s  time. 
ment t h a t  t h e  s u b s t r a t e  of each  b i t  column of  MNS-VTT's be e l e c t r i c a l l y  
i s o l a t e d  from t h e  s u b s t r a t e s  o f  b i t  columns of a l l  o t h e r  MNS-VTT's. T h i s  
i s o l a t i o n  r e q u i r e s  a n  a d d i t i o n a l  d i f f u s i o n  s t e p  t o  be added t o  t h e  p r o d u c t i o n  
p r o c e s s  and u s e s  up a s i g n i f i c a n t  p r o p o r t i o n  of  t h e  c h i p  a r e a .  
t h e  l a r g e  d i f f u s i o n s  r e q u i r e d  t o  w i t h s t a n d  r e l a t i v e l y  h igh  r e v e r s e  v o l t a g e s  
result  i n  a n  a p p r e c i a b l e  decrease i n  d e v i c e  y i e l d .  Fo r  t h i s  r e a s o n ,  d a t a  
i n s e r t i o n  c i r c u i t s  which e l i m i n a t e d  o r  g r e a t l y  reduced t h e  i s o l a t i o n  re- 
qu i r emen t s  were i n v e s t i g a t e d ,  The channe l - sh ie ld ing  t e c h n i q u e ,  d e s c r i b e d  
n e x t ,  i s  one such  c i r c u i t .  
T h i s  i s  t h e  r e q u i r e -  
Furthermore,  
B, CHANNEL-SHIELDING WRITE TECHNIQUE 
The channe l - sh ie ld ing  write t e c h n i q u e  i s  a method t o  s t o r e  d a t a  
i n  i n t e g r a t e d  a r r a y s  of  MNS-VTT's. The main advan tage  o f  t h i s  t e c h n i q u e  i s  
t h a t  i t  r e q u i r e s  o n l y  one deep i s o l a t i o n  d i f f u s i o n  t o  s e p a r a t e  t h e  addres s -  
i n g  s e c t i o n  from t h e  memory s e c t i o n ,  whereas t h e  c o i n c i d e n t  v o l t a g e  t e c h n i q u e  
r e q u i r e s  t h a t  each  b i t  l i n e  be s e p a r a t e d  from t h e  o t h e r  b i t  l i n e s  by i s o l a -  
t i o n  d i f f u s i o n s .  T h i s  a l l o x s  g r e a t e r  component d e n s i t i e s ,  t h e r e b y  i n c r e a s i n g  
t h e  number of  c i r c u i t s  t h a t  may be p rocessed  on a s i l i c o n  s l ice .  The second 
advan tage  o f  t h e  c h a n n e l - s h i e l d i n g  write t e c h n i q u e  i s  t h a t  i t  d o e s  n o t  re- 
q u i r e  t h e  s q u a r e  h y s t e r e s i s  w r i t i n g  c h a r a c t e r i s t i c  of  the MNS-VTT t h a t  i s  
r e q u i r e d  by t h e  c o i n c i d e n t  v o l t a g e  w r i t i n g  t e c h n i q u e .  T h i s  e a s i n g  of t h e  
write c h a r a c t e r i s t i c  r equ i r emen t s ,  coupled w i t h  t h e  s m a l l e r  number o f  i s o l a -  
t i o n  d i f f u s i o n s ,  should resul t  i n  a s i g n i f i c a n t  y i e l d  improvement. The 
t r a n s i s t o r  coun t  o f  t h e  c i r c u i t  approaches t h e  lower l i m i t  of  one t r a n s i s t o r  
p e r  b i t  i n  l a r g e  a r r a y s .  
The b a s i c  channe l  s h i e l d  w r i t i n g  t e c h n i q u e  can be e x p l a i n e d  w i t h -  
t h e  a i d  of F i g .  20, which shows p o t e n t i a l s  e x i s t i n g  i n  an MNS-VTT under 
d i f f e r e n t  s e t t i n g  c o n d i t i o n s .  The MNS-VTT i s  set  t o  t h e  ZERO s t a t e  ( p o s i t i v e  
t h r e s h o l d  s e t t i n g )  by t h e  a p p l i c a t i o n  of + 50 V t o  t h e  g a t e  wh i l e  t h e  sub- 
s t r a t e  i s  a t  O V .  
s e t t i n g )  by a -50 V p u l s e  on t h e  g a t e  w h i l e  t h e  s u b s t r a t e ,  sou rce  and d r a i n  
The t r a n s i s t o r  i s  set t o  t h e  ONE s t a t e  ( n e g a t i v e  t h r e s h o l d  
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are  he ld  a t  0 V. 
and d r a i n  when t h e  n e g a t i v e  v o l t a g e  i s  a p p l i e d  t o  t h e  g a t e .  
i s  held a t  ground p o t e n t i a l ,  t h e  -50 V i s  a p p l i e d  a c r o s s  t h e  i n s u l a t o r ,  and 
t h e  t r a n s i s t o r  i s  set t o  t h e  n e g a t i v e  t h r e s h o l d .  I f  t h e  channe l  i s  b rough t  
t o  a -40 V p o t e n t i a l ,  t h e  i n s u l a t o r  w i l l  r e c e i v e  o n l y  a ne t  -10 V p o t e n t i a l ,  
and t h e  p o s i t i v e  t h r e s h o l d  s e t t i n g  w i l l  n o t  be d i s t u r b e d .  
used a s  a s h i e l d  t o  p r e v e n t  t h e  -50 V from a p p e a r i n g  a c r o s s  t h e  i n s u l a t o r .  
Note t h a t  a conduc t ing  channe l  i s  formed between source  
I f  t h i s  channe l  
The channe l  i s  
The c i r c u i t  diagram o f  a 4-word x 4-bit  i n t e g r a t e d  memory a r r a y  
which u s e s  t h i s  w r i t i n g  .method i s  shown i n  F i g .  21. 
d i v i d e d  i n t o  s u b s t r a t e  r e g i o n s  S1 and S2, s e p a r a t e d  by an i s o l a t i o n  r e g i o n .  
The a d d r e s s  decoding and s e l e c t i o n  c o n s i s t s  of  f o u r  two-input NOR g a t e s  
on s u b s t r a t e  r e g i o n  S1. The 16 memory t r a n s i s t o r s  ( M i 1  t o  M441r t h e  4 load 
t r a n s i s t o r s  (L1 t o  L4) and t h e  4 g a t i n g  t r a n s i s t o r s  (GI  t o  G4I a re  l o c a t e d  
on s u b s t r a t e  r e g i o n  S2. 
The memory t r a n s i s t o r s  a r e  set t o  t h e  p o s i t i v e  t h r e s h o l d  w i t h  S1 
and VID a t  ground p o t e n t i a l  and S2 and VDD a t  -50 V. 
t o  W4, a r e  a t  ground p o t e n t i a l  and t h e  s u b s t r a t e s  o f  t h e  memory t r a n s i s t o r s  
a r e  a t  -50 V. 
g a t e  i n s u l a t o r  and i s  t h e r e f o r e  set t o  t h e  p o s i t i v e  t h r e s h o l d  s t a t e .  
The s i l i c o n  c h i p  i s  
The word l i n e s ,  W 1  
Each memory t r a n s i s t o r  has  a n e t  +50 V p o t e n t i a l  a c r o s s  t h e  
The memory t r a n s i s t o r s  a r e  s e l e c t i v e l y  set t o  t h e  n e g a t i v e  thres- 
hold w i t h  VDD a t  -40 V ,  VID a t  -50 V and S i  and S2 a t  ground p o t e n t i a l .  Word 
1 ( W 1 )  c an  b e  s e l e c t e d  by grounding t h e  g a t e s  o f  NOR t r a n s i s t o r s  X i 1  and X21. 
Memory t r a n s i s t o r s  M i l ,  M12, M13 and Mi4 w i l l  t h e n  have c h a n n e l s  formed 
under t h e  g a t e  a r e a  due  t o  t h e  -50 V VID on l i n e  1. I f  t h e  g a t e s  of  t r a n -  
s i s t o r s  G 1  t o  G 4  a r e  grounded so t h a t  t h e s e  t r a n s i s t o r s  do  n o t  conduct ,  
t h e i r  c h a n n e l s  w i l l  be a t  VDD (-40 V I ,  The g a t e  i n s u l a t o r  i s  s u b j e c t e d  t o  
a n e t  -10 V p o t e n t i a l  which d o e s  no t  change t h e  p o s i t i v e  t h r e s h o l d  s e t t i n g .  
The t h r e s h o l d s  o f  t h e  m e m o r y t r a n s i s t o r s c a n  be s e l e c t i v e l y  set n e g a t i v e  by 
caus ing  t h e i r  r e s p e c t i v e  g a t i n g  t r a n s i s t o r s  t o  conduc t .  G 1  t o  G4 are  rela- 
t i v e l y  h i g h  conductance t r a n s i s t o r s  and a r e  a b l e  t o  clamp t h e  c h a n n e l s  n e a r  
ground. With t h e  channe l  n e a r  ground,  t h e  g a t e  i n s u l a t o r  of  t h e  memory 
t r a n s i s t o r  i s  s u b j e c t e d  t o  -50 V and i s  set t o  t h e  n e g a t i v e  t h r e s h o l d .  
A breadboard o f  t h e  4-word x 4-bit memory a r r a y  was b u i l t  u s ing  
discrete  components. T h e t h r e s h o l d s o f  t h e  memory t r a n s i s t o r s  were set t o  
t h e  p o s i t i v e  s t a t e  w i t h  a net +50 V a p p l i e d  f o r  a 100 ms. The t h r e s h o l d s  
were s e l e c t i v e l y  set  n e g a t i v e  w i t h  VID a t  -50 V and VDD a t  -40 V f o r  a 
p e r i o d  o f  100 ms d u r a t i o n .  The c o n t e n t s  of  t h e  memory were read w i t h  VID 
set  a t  -12 V ;  a read c y c l e  o f  1 ps and an a c c e s s  time of  0.6 vs were 
o b t a i n e d .  
W r i t e - d i s t u r b  tests were run  us ing  2 - b i t  x $-word i n t e g r a t e d  memory 
a r r a y s .  The i n t e g r a t e d  a r r a y s  which were a v a i l a b l e  r e q u i r e d  h i g h e r  write 
v o l t a g e s ;  t h e r e f o r e  a VID of  -65 V and a VDD of  -50 V were used.  The memory 
was set t o  a g i v e n  b i t  c o n f i g u r a t i o n  and t h e n  one of  t h e  4 words was sub- 
jected t o  lo6 wr i te  c y c l e s ,  There was no o b s e r v a b l e  effect  on t h e  t h r e s h o l d  
s e t t i n g s  of  t h e  memory t r a n s i s t o r s  i n  t h e  t h r e e  o t h e r  words. 
The channe l - sh ie lded  memory o r g a n i z a t i o n  shown i n  F i g .  21 s u f f e r s  
when i t  i s  n e c e s s a r y  t o  p l a c e  t h e  s e l e c t i o n  and s t o r a g e  c i r c u i t s  on s e p a r a t e  
32 
33 
c h i p s ,  because  o f  t h e  l a r g e  number of  c o n n e c t i o n s  which must be  made from 
t h e  s e l e c t i o n  c h i p  t o  t h e  s t o r a g e  oh ip .  
overcomes t h i s  d i s a d v a n t a g e ,  t h e  "3D" t e c h n i q u e s  i s  described n e x t .  
Another  s e l e c t i o n  method which 
C, 3 D  SELECTION TECHNIQUE 
The 3 D  s e l e c t i o n  t e c h n i q u e  y i e l d s  a memory o r g a n i z a t i o n  which 
a l l o w s  t h e  memory a r r a y  and a d d r e s s  s e l e c t i o n  c i r cu i t s  t o  be f a b r i c a t e d  on 
s e p a r a t e  c h i p s  wi thou t  r e q u i r i n g  a n  e x c e s s i v e  number o f  i n t e r c o n n e c t i o n s  
between c h i p s .  A 128-word by 8-b i t  memory would r e q u i r e  o n l y  16 c o n n e c t i o n s  
between t h e  s e p a r a t e  c h i p s .  
w r i t i n g  i s  r e p l a c e d  by "air" i s o l a t i o n  between c h i p s .  The two-chip approach 
s i m p l i f i e s  f a b r i c a t i o n  i f  b i p o l a r  t r a n s i s t o r s  a r e  used f o r  a d d r e s s  decoding.  
The deep  i s o l a t i o n  d i f f u s i o n  r e q u i r e d  foS  
An 8-word by l - b i t  memory c i r c u i t  which uses t h e  3 D s e l e c t i o n  
t e c h n i q u e  i s  shown i n  F i g .  22. The f i r s t  l e v e l  of  a d d r e s s i n g  u s e s  l i n e s  
L1 and L2. 
t h e  memory i s  s e l e c t e d .  The n e x t  l e v e l  of  s e l e c t i o n  uses l i n e s  G 1  and G2. 
A n e g a t i v e  v o l t a g e  a p p l i e d  t o  G 1  and ground a p p l i e d  t o  G2 selects  t h e  upper  
h a l f  of t h e  memory. A 
n e g a t i v e  v o l t a g e  a p p l i e d  t o  I1 and a ground a p p l i e d  t o  I 2  selects  columns 1 
and 3. Memory t r a n s i s t o r  Mill i s  t h e n  u n i q u e l y  s e l e c t e d .  I n p u t  S i s  a t  
ground p o t e n t i a l  d u r i n g  r e a d  o p e r a t i o n .  The s t a t e  of t h e  t h r e s h o l d  s e t t i n g  
of  Mill i s  de t e rmined  by t h e  e x i s t e n c e  of  a c o n d u c t i v e  p a t h  between D and S. 
If Mill i s  set  t o  t h e  p o s i t i v e  t h r e s h o l d  and G 1  i s  a t  t h e  i n t e r r o g a t e  vol-  
t a g e ,  t h e r e  i s  a c o n d u c t i v e  p a t h  between D and S. 
n e g a t i v e  t h r e s h o l d ,  M i l l  d o e s  n o t  conduct and t h e  p a t h  i s  broken.  
When L1 i s  made n e g a t i v e  and L2 i s  grounded, the l e f t  half  of 
The f i n a l  l e v e l  of s e l e c t i o n  uses l i n e s  I1 and 1 2 .  
I f  Mill i s  set  t o  t h e  
The memory t r a n s i s t o r s  are  set t o  t h e  p o s i t i v e  t h r e s h o l d  by t h e  
a p p l i c a t i o n  of  +50 V t o  G 1  and G2. 
s e t t i n g  i n d i v i d u a l  t r a n s i s t o r s  t o  n e g a t i v e  t h r e s h o l d s ,  Data i s  e n t e r e d  a t  
p o i n t  D by d r i v i n g  t h a t  p o i n t  e i t h e r  t o  ground o r  t o  -40 V. 
d u r i n g  write. 
L l ,  G 1  and I 2  are d r i v e n  t o  -50 V and D ,  L2, G2 and I1 a r e  he ld  a t  ground. 
The r o l e  of  I1 and I 2  i s  r e v e r s e d  d u r i n g  t h e  write mode, where t h e y  perform 
a n  i n h i b i t  f u n c t i o n  r a t h e r  t h a n  a s e l e c t i o n  f u n c t i o n .  The t r a n s c o n d u c t a n c e s  
of t r a n s i s t o r s  g a t e d  by I1 and I 2  a r e  des igned  t o  be a minimum of  t e n  times 
g r e a t e r  t h a n  t h o s e  of  t h e  t r a n s i s t o r s  g a t e d  by L1 and L2. The channe l  o f  
Mill i s  h e l d  a t  ground by t h e  c o n d u c t i v e  p a t h  t o  D and t h e  -50 V a p p l i e d  t o  
G 1  i s  a b l e  t o  set t h e  t h r e s h o l d  t o  t h e  n e g a t i v e  s t a t e .  Note t h a t  i f  D were 
a t  -40 V,  t h e  channe l  would be a t  -40 V and t h e  p o s i t i v e  t h r e s h o l d  s e t t i n g  
would n o t  be  d i s t u r b e d .  
due  t o  t h e  g r e a t e r  conductance o f  t h e  t r a n s i s t o r s  g a t e d  by 1 2 .  The channe l  
o f  M211 i s  n o t  connected t o  p o i n t s  D o r  S th rough  a conduc t ing  L o r  I t r a n -  
s i s t o r .  T h i s  c h a n n e l  i s  r e t u r n e d  t o  -40 V th rough  a t r a n s i s t o r  g a t e d  by E, 
whose t r a n s c o n d u c t a n c e  i s  less t h a n  1/10 t h a t  o f  t h e  L-gated t r a n s i s t o r s .  
These t r a n s i s t o r s  cou ld  be e l i m i n a t e d  i f  a n e g a t i v e ,  low du ty -cyc le  p u l s e  
t r a i n  were a p p l i e d  t o  I1 ( o r  I 2  when a p p r o p r i a t e )  and s t o r e d  cha rge  were 
used t o  m a i n t a i n  t h e  -40 V channe l  p o t e n t i a l  o f  M211. The t h r e s h o l d s  of 
M112, M211 and M212 a r e  no t  d i s t u r b e d  by t h e  -50 V on G 1  because  t h e y  a r e  
o q l y  s u b j e c t e d  t o  a n e t  -10 V ga t e - to -channe l  v o l t a g e .  
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Data i s  t h e n  s t o r e d  by s e l e c t i v e l y  
S i s  h e l d  a t - 4 0  V 
To write a n e g a t i v e  t h r e s h o l d  i n  t r a n s i s t o r  M i l l ,  i n p u t s  
The c h a n n e l s  o f  M112 and M212 are  he ld  a t  -40 V 
I 1 I 
4 
4 
4 
FIG. 22 3 D  s e l e c t e d  channel s h i e l d e d  memory. 
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The memory can be expanded by i n c r e a s i n g  t h e  number o f  L ,  G ,  I and 
D i n p u t s .  
41 and 4D i n p u t s  p l u s  S ,  Wand a s u b s t r a t e  connec t ion .  
p u t s  come from t h e  a d d r e s s  s e l e c t i o n  c h i p  and r e p r e s e n t  t h e  c o n n e c t i o n  p e n a l t y  
i n c u r r e d  by t h e  2-chip approach.  
A 64-word by 4-bi t  (256 b i t  t o t a l )  memory would r e q u i r e  4L, 46, 
Twelve o f  t h e s e  i n -  
D,  AC COUPLED 2 x 2 ARRAY 
I n  F i g .  2 3  the,  s chemat i c  of  a two word memory i s  shown. Each 
AC coup l ing  r e q u i r e s  
word c o n t a i n s  2 - b i t s .  
( t r a n s i s t o r s  Til, T12, T21pand T22) i s  shown i n  F i g .  24. 
on ly  t h r e e  c o n t a c t s  i n  t h e  memory p o r t i o n  o f  t h e  a r r a y  and a l s o  p r e v e n t s  
d e  c u r r e n t  f l o w  when w r i t i n g .  
The s t r u c t u r a l  diagram o f  t h e  i n t e g r a t e d  memory 
Data i s  i n s e r t e d  i n t o  t h e  memory i n  t h e  f o l l o w i n g  way ( t h e  wave- 
forms a r e  shown i n  F i g .  25) .  The c h i p  i s  cleared by swi t ch ing  t h e  s u b s t r a t e  
(Vsub) and b i t  l i n e s  (vB1 and VB2) t o  -60 V w h i l e  ho ld ing  t h e  word l i n e s  
(Vwl  and Vw2) a t  ground. 
word l i n e s .  
t h e  i n s u l a t o r  i s  t aken  a s  t h e  r e f e r e n c e )  and f o r c e s  t h e  t h r e s h o l d  t o  assume 
i t s  p o s i t i v e  v a l u e .  
( V w 1 )  on word l i n e  one, ho ld ing  t h e  p o t e n t i a l s  of word l i n e  two (Vw2) and 
t h e  substrate  (Vsub) a t  ground and s e l e c t i v e l y  p l a c i n g  ground on b i t  l i n e s  
(e.g. ,  vB2) i n  which i t  i s  d e s i r e d  t o  f o r c e  t h e  t h r e s h o l d  t o  a n e g a t i v e  va lue  
(e.g. ,  t r a n s i s t o r  T12). 
c a u s e s  t h e  t h r e s h o l d  t o  move n e g a t i v e .  
(vB1) i s  swi t ched  t o  -50 V. 
t h e  s o u r c e  i s  a t  -50 V, t h e  substrate i s  a t  ground,  and t h e  g a t e  i s  a t  -60 V, 
These p o t e n t i a l s  a r e  such a s  t o  form a channe l  i n  T i 1  (since i t  had p r e v i o u s l y  
been set  p o s i t i v e ) ;  t h e  channe l  and d r a i n  w i l l  adop t  t h e  s o u r c e  p o t e n t i a l  
(-50 V ) ,  
no t  l a r g e  enough t b  mave t h e  p o s i t i v e  t h r e s h o l d  t o  a n e g a t i v e  v a l u e  (see 
F ig .  6).  
w r i t t e n  w i l l  beOV. Word two i s  w r i t t e n  i n  s i m i l a r  f a s h i o n .  Note t h a t  
w i t h  c a r e f u l  a t t e n t i o n  t o  t r a n s i e n t  b e h a v i o r  i t  i s  p o s s i b l e  t o  make t h e  
memory word a l t e r a b l e  by s e l e c t i v e l y  p l a c i n g  ground on a word l i n e  (e .g . ,  Vw1) 
which i s  t o  b e  c l e a r e d  and -60 V on t h e  word which i s  no t  t o  be cleared, 
(e.g. ,  V W ~ ) .  
The c a p a c i t o r s  w i l l  b lock  d c  c u r r e n t  f l o w  i n  t h e  
T h i s  p l a c e s  +60 V a c r o s s  t h e  i n s u l a t o r  ( t h e  s u b s t r a t e  side o f  
The b i t  p a t t e r n  i s  e n t e r e d  i n  word one by p l a c i n g  -60 V 
T h i s  p l a c e s  -60 V a c r o s s  t h e  T12 i n s u l a t o r  and 
The p o t e n t i a l  o f  t h e  o t h e r  b i t  l i n e  
A t  t h i s  time T11 has  t h e  f o l l o w i n g  p o t e n t i a l s :  
The p o t e n t i a l  a c r o s s  t h e  i n s u l a t o r  i n  T i 1  w i l l  be  -10 V ,  which i s  
The v o l t a g e  a c r o s s  t h e  i n s u l a t o r s  i n  word two, which i s  n o t  be ing  
The r e a d o u t  c y c l e  i s  composed of  two p a r t s .  During t h e  f i r s t  pa r t  
t h e  s e l e c t e d  word i s  sampled by d r i v i n g  t h e  word l i n e  (e .g . ,  Vw1)  t o  -15 V. 
B i t  l i n e s  
grounded. 
which t h r e s h o l d s  have been moved p o s i t i v e l y  w i l l  conduct  and d e l i v e r  c u r r e n t  
t o  t h e  b i t  l i n e s .  Those set  n e g a t i v e l y  w i l l  n o t  conduc t .  The c u r r e n t  i n  I 
t h e  b i t  l i n e s  w i l l  t h e n  e s t a b l i s h  t h e  b i t  v a l u e  (ONE o r  ZERO). The word 
which i s  n o t  selected w i l l  have i t s  word l i n e  (e .g . ,  Vw2) grounded. 
T21 and T22 w i l l  n o t  have a conduc t ing  channe l  and w i l l  o n l y  c o n t r i b u t e  
c a p a c i t i v e  l o a d i n g  o f  t h e  b i t  l i n e s .  
( V B ~  and vB2) a r e  p l a c e d  a t  -5 V and t h e  s u b s t r a t e  (Vsub) i s  
I n  t h e  accessed  word these p o t e n t i a l s  are  such  t h a t  d e v i c e s  i n  
As such,  
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vw2 
Vsub 
Clock / 1 
FIG. 23 Schematic o f  an ac coupled 2 x 2 
array using the MNS-VTT device. 
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P bulk 
SECTION VIEW 
FIG. 24 S t r u c t u r a l  diagram o f  an a c  coupled  2 x 2 array .  
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Vwr 
vw2 
vsu b 
vB I 
'B2 
Clock 
Write cycle 0 p' bit I in Set bit2in 
word I -& word 2- Clear 
to VT- 
I 1 I 
I I I 
~ 
FIG. 25 Timing diagram of an a c  coupled 2 x 2 
array  u s i n g  t h e  MNS-VTT d e v i c e .  
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During t h e  second ( r e s t o r e )  p a r t  o f  t h e  c y c l e ?  t h e  s e l e c t e d  word 
l i n e  g o e s  t o  ground and t h e  b i t  l i n e s ,  t h e  s u b s t r a t e ,  and t h e  o t h e r  word 
l i n e s  go  t o  -15 V. 
i s  t h e n  o p p o s i t e  t o  t h a t  which was a c r o s s  t h e  i n s u l a t o r  d u r i n g  t h e  sample 
p a r t  o f  t h e  r e a d  c y c l e .  Note t h a t  word two, which i s  n o t  a d d r e s s e d ,  will 
have 0 V a c r o s s  i t s  i n s u l a t o r  d u r i n g  t h e  e n t i r e  read c y c l e .  
two, which i s  n o t  a d d r e s s e d ,  w i l l  have 0 V a c r o s s  i t s  i n s u l a t o r  d u r i n g  t h e  
e n t i r e  read c y c l e .  
The p o t e n t i a l  a c r o s s  t h e  i n s u l a t o r  i n  t h e  accessed  word 
Note t h a t  word 
The r e a s o n i n g  f o r  t h i s  t y p e  of  r e a d  c y c l e  may be i n f e r r e d  from 
d a t a  p r e s e n t e d  i n  F i g .  1 1 ;  i n  p a r t i c u l a r ,  p u l s e  c o n d i t i o n  "B". 
Data from t h e  discrete v e r s i o n  of t h e  2 x 2 a r r a y  is p r e s e n t e d  
i n  F i g s ,  26 and 27. 
( e x c e p t  f o r  measurement o f  t h r e s h o l d  s h i f t )  w i t h  T11 set p o s i t i v e l y  and 
set  n e g a t i v e l y ,  The decay of  T11 i s  unexpec ted ly  large,  b u t  even a t  t h a t  
s t o r a g e  o f  abou t  s ix  months may be expec ted  under t h e s e  c o n d i t i o n s .  Word 
two ( F i g ,  27) shows decay  which i s  abou t  t h e  same a s  t h a t  under z e r o  b i a s .  
As such,  i f  a s t r a i g h t  l i n e  approx ima t ion  i s  v a l i d ,  t h e r e  should be about  
9 V d i f f e r e n c e  between t h e  u n i t  set p o s i t i v e l y  and t h e  u n i t  set n e g a t i v e l y .  
Word one ( F i g ,  26) h a s  been i n t e r r o g a t e d  c o n t i n u o u s l y  
T12 
E. MNS BIPOLAR MEMORY 
Memory systems u s i n g  IGFEB no t  o n l y  f o r  t h e  s t o r a g e  e l e m e n t s  b u t  
f o r  t h e  i n t e r r o g a t i o n  and s e l e c t i o n  c i r c u i t s ,  a s  well ,  a r e  l i m i t e d  i n  a c c e s s  
speed due  t o  i n h e r e n t  d e l a y s  of  IGFET c i r cu i t s .  Fo r  t h i s  r e a s o n ,  a con- 
f i g u r a t i o n  was i n v e s t i g a t e d  which employed MNS-VTT's a s  t h e  b a s i c  s t o r a g e  
e l emen t s ,  b u t  use h i g h  speed b i p o l a r  t r a n s i s t o r s  f o r  d r i v i n g  and s e n s i n g  
e l emen t s .  
i n  F i g .  28. 
a t  a n e g a t i v e  r e f e r e n c e  v o l t a g e .  The ampl i tude  of  t h i s  v o l t a g e  i s  chosen 
such t h a t  memory ce l l s  which have been set  t o  t h e i r  most p o s i t i v e  g a t e  
t h r e s h o l d  vo l t ages  (ONE'S) w i l l  be ma in ta ined  i n  t h e  conduc t ive  s t a t e ,  whereas 
ce l l s  which have been set t o  t h e i r  most n e g a t i v e  g a t e  t h r e s h o l d  v o l t a g e s  
(ZERO'S) w i l l  b e  ma in ta ined  i n  t h e  c u t o f f  s t a t e .  
c h a n n e l s  o f  d e v i c e s  s t o r i n g  ONE's  a r e  p r e - e s t a b l i s h e d  and t h e  d e l a y s  re- 
q u i r e d  t o  e s t a b l i s h  such c h a n n e l s  a r e  avoided.  
word i s  accomplished by p u l s i n g  t h e  b a s e  of  t h e  b i p o l a r  p-n-p word d r i v e r  
a s s o c i a t e d  w i t h  t h e  s e l e c t e d  word. The word d r i v e r s  are  emitter f o l l o w e r s ,  
so t h a t  p u l s e s  a p p l i e d  t o  b a s e s  appea r  a t  t h e  common source  node of  a l l  
memory c e l l s  i n  t h e  selected word. A l l  memory c e l l s  s t o r i n g  ONE's w i l l  
conduct ,  c a u s i n g  c u r r e n t  f l o w  from t h e  emitters o f  t h e  common-base-connected 
n-p-n s e n s e  a m p l i f i e r s  i n  t h e i r  r e s p e c t i v e  b i t  columns. 
w i l l  c a u s e  n e g a t i v e  o u t p u t  p u l s e s  t o  appea r  a c r o s s  t h e  o u t p u t  l oad  r e s i s 6 o r s .  
Memory ce l l s  s t o r i n g  ZERO'S w i l l  n o t  conduc t ,  so t h a t  no v o l t a g e  p u l s e s  w i l l  
appea r  a t  t h e i r  r e s p e c t i v e  b i t  o u t p u t  p o i n t s .  
A diagram o f  a n  e x p e r i m e n t a l  2 x 2 model o f  t h i s  c i r c u i t  i s  shown 
During i n t e r r o g a t i o n  t h e  g a t e s  of  a l l  t h e  MNS-VTT's a r e  h e l d  
I n  t h i s  way, t h e  conduc t ing  
I n t e r r o g a t i o n  o f  a p a r t i c u l a r  
T h i s  c u r r e n t  f l o w  
Data i n s e r t i o n  i n  t h e  e x p e r i m e n t a l  memory was accomplished by 
mechan ica l ly  s w i t c h i n g  t h e  g a t e s  of  t h e  memory ce l l s  t o  t h e  s e t t i n g  v o l t a g e s .  
I n  an i n t e g r a t e d  system, t e c h n i q u e s  such a s  t h e  c o i n c i d e n t  v o l t a g e  method 
d e s c r i b e d  p r e v i o u s l y  may be  employed. 
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FIG. 27 2 x 2 memory storage characteristics-addressed elements. 
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FIG. 28 MNS-VTT/bipolar-transistor 2 x 2 memory. 
43 
The o p e r a t i o n  of t h e  e x p e r i m e n t a l  memory was tested by connec t ing  
A r e f e r e n c e  v o l t a g e  of  5 V was a p p l i e d  t o  t h e  
one of  t h e  word s e l e c t i o n  i n p u t s  t o  t h e  o u t p u t  o f  a GR 1217-C p u l s e  g e n e r a t o r .  
The p u l s e  a m p l i t u d e  was 7 V. 
memory c e l l  g a t e s .  
c h a r a c t e r i s t i c s  o f  t h e  e x p e r i m e n t a l  memory i s  shown i n  F ig .  29. 
c a s e ,  t h e  upper  t r a c e  shows t h e  i n p u t  t o  t h e  word d r i v e r  and t h e  lower t race 
shows t h e  o u t p u t  a t  t h e  c o l l e c t o r  of t h e  sense a m p l i f i e r .  The f i r s t  f o u r  
photographs show t h e  o u t p u t  a t  s u c c e s s i v e  i n t e r v a l s  a f t e r  s e t t i n g ,  when 
t h e  c e l l  was s t o r i n g  a ONE. The l a s t  photograph shows t h e  o u t p u t  when t h e  
c e l l  was s t o r i n g  a ZERO. The o u t p u t  d e l a y s  are  seen t o  be approx ima te ly  10 
n s  i n  each c a s e .  
A set of o s c i l l o s c o p e  photographs showing t h e  t r a n s f e r  
I n  each  
The decay i n  o u t p u t  a m p l i t u d e  observed i l l u s t r a t e s  one of  t h e  
drawbacks of  t h i s  memory c i r c u i t ,  namely t h a t  t h e  con t inuous  a p p l i c a t i o n  
of  nonzero p o t e n t i a l s  t o  t h e  memory g a t e s  s e r v e s  t o  h a s t e n  t h e  decay  o f  
s t o r a g e .  T h i s  may be overcome t o  some e x t e n t  by u s i n g  a block s e l e c t i o n  
t e c h n i q u e  i n  which t h e  g a t e s  o f  memory c e l l s  i n  u n s e l e c t e d  b l o c k s  of  memory 
a r e  he ld  a t  ground p o t e n t i a l  and o n l y  t h o s e  g a t e s  i n  b lock  of  memory 
be ing  i n t e r r o g a t e d  are  d r i v e n  t o  t h e  r e f e r e n c e  v o l t a g e .  
o rgan ized  s o  t h a t  a s i n g l e  b lock  i s  i n t e r r o g a t e d  many times b e f o r e  moving 
on t o  a n o t h e r  b lock ,  t h e n  t h e  p o t e n t i a l  speedup a f f o r d e d  by t h i s  t y p e  of  
memory c i r c u i t  can be  o b t a i n e d .  
I f  o p e r a t i o n s  a re  
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FIG. 29 O s c i l l o s c o p e  t r a c e s  of  VTT/bipolar memory r e sponse  
(uppe r  t r a c e  i s  i n p u t ,  lower i s  o u t p u t ) .  H o r i z o n t a l  
s c a l e :  50 ns/cm; v e r t i c a l  s c a l e :  uppe r  t r a c e - 5  V/cm, 
lower t r a c e  -0 .5  V/cm. The t r a c e s  a r e :  ( a )  a t  p o s i -  
t i v e  set time, ( b )  30 sec a f t e r  p o s i t i v e  s e t ,  ( c )  15 
min. a f t e r  p o s i t i v e  s e t ,  ( d )  30 min. a f t e r  p o s i t i v e  s e t ,  
and (e) 1 min. a f t e r  n e g a t i v e  set .  
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SECTION V 
CONCLU SI0 N 
I t  h a s  been shown t h a t  t h e  MNS-VTT p r o v i d e s  t h e  b a s i s  f o r  an e l ec t r i -  
c a l l y - a l t e r a b l e ,  n o n v o l a t i l e  memory w i t h  s t o r a g e  c a p a b i l i t i e s  i n  t h e  thousands 
of hours  even when s u b j e c t e d  t o  t h e  s t a n d a r d  m i l i t a r y  t e m p e r a t u r e  range. Wr i t ing  
speeds a t  p r e s e n t  a p p e a r  t o  be  i n  t h e  range of s e v e r a l  m i l l i s e c o n d s  p e r  word, bu t  
can be i n c r e a s e d  w i t h  t h e  a p p l i c a t i o n  of h i g h e r  v o l t a g e s .  
of  10 ns  o r  less  have been e x h i b i t e d .  
I n t e r r o g a t i o n  d e l a y s  
S i n c e  t h e  MNS-VTT i s  an a m p l i f i e r ,  s imp le  r ead  c i r cu i t ry  i s  p o s s i b l e .  
Wr i t ing  t e c h n i q u e s ,  however, a r e  somewhat complex due t o  t h e  n e c e s s i t y  of  apply-  
i n g ,  s e l e c t i v e l y ,  b o t h  p o s i t i v e  and n e g a t i v e  g a t e  v o l t a g e s .  The 3-D s e l e c t i o n  
channe l - sh ie lded  write c i r c u i t  p r o v i d e s  a d e g r e e  of s i m p l i c i t y  i n  w r i t i n g  c i r -  
c u i t r y  a t  t h e  expense of a g r e a t e r  number of c o n n e c t i o n s  t o  t h e  memory c h i p .  I n  
view of  t h e  r e d u c t i o n  i n  t h e  number of semiconductor  p r o c e s s i n g  s t e p s  engendered 
by t h i s  system, i t  i s  recommended a s  t h e  best c a n d i d a t e  f o r  use i n  t h e  develop-  
ment of  f u t u r e  i n t e g r a t e d  semiconductor  memory a r r a y s  based on t h e  MNS-VTT t e c h -  
a0 1 og y . 
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APPENDIX A 
NEW TECHNOLOGY 
A f t e r  a d i l i g e n t  review of t h e  work 
performed under t h i s  c o n t r a c t ,  no 
new innovat ion ,  d i scovery ,  improve- 
ment or i nven t ion  was made. 
